Filamentous particles of beet yellows closterovirus (BYV) are built of two related capsid proteins, of which the minor species, p24, forms a 75 nm tail at one end of the virion. In the present work, we used polyclonal antibodies against p24 for isolating the ' tailed ' virion segments from sonicated BYV particle preparations. The [γ-32 P]ATP-labelled RNA obtained from the antibody-selected particle segments consistently showed stronger hybridization with the 5h-terminal BYV cDNA clones than with the 3h-terminal cDNA clones. These data clearly indicate that it is the 5h-terminal portion of the closterovirus RNA genome that is encapsidated by p24.
P]ATP-labelled RNA obtained from the antibody-selected particle segments consistently showed stronger hybridization with the 5h-terminal BYV cDNA clones than with the 3h-terminal cDNA clones. These data clearly indicate that it is the 5h-terminal portion of the closterovirus RNA genome that is encapsidated by p24.
Elongated plant viruses, although variable in their particle length, flexibility and stability, all have a single RNA molecule in a helical arrangement encapsidated by many identical coat protein (CP) subunits encoded by a single viral gene (Matthews, 1991) . Recently, a striking deviation from this basic structure has been described : the flexuous filamentous particles of beet yellows closterovirus (BYV) were found to consist of two related CPs arranged in a ' rattlesnake ' structure (Agranovsky et al., 1995) . The particles of citrus tristeza closterovirus (CTV) proved to have a similar morphologically polar structure (Febres et al., 1996) . The positive-strand RNA genomes of BYV and CTV encompass tandem arrays of the genes for the major and minor CPs (p22 and p24 in BYV, and p25 and p27 in CTV, respectively) that are likely to have resulted from gene duplication (Boyko et al., 1992 ; Pappu et al., 1994) . The CP duplicate genes have been identified in all other mono-and bipartite closterovirus genomes sequenced so far, and their presence is considered a hallmark of the group (Klaassen et al., 1995 ; Keim-Konrad & Jelkmann, 1996 ; Zhu et al., 1998 ; reviewed in Dolja et al., 1994 ; Agranovsky, 1996) .
Using immunoelectron microscopy with antibodies specific to full-sized BYV p24 or a unique N-terminal peptide thereof, Author for correspondence : Alexey Agranovsky.
Fax j7 95 939 31 81. e-mail aaa!closter.genebee.msu.su the protein has been found to form a 75 nm tail at one end of the 1370 nm BYV particles ; comparison of these lengths gives a rough value of 0n85 kb for the p24-coated portion of the 15n5 kb BYV genomic RNA (Agranovsky et al., 1995) . Consistent with this, the length of the p27 tails on the 2000 nm particles of CTV was determined to be 75-85 nm (Febres et al., 1996) . It has been conjectured that this ' rattlesnake ' structure is shaped by a mechanism utilizing an internal origin of assembly in the closterovirus RNA, and that the p24 tail may be involved in specific interactions with receptors in the aphid vector and\or the host plant cells (Agranovsky, 1996) . As a first step towards understanding the closterovirus assembly mechanism, we sought to determine the BYV genomic RNA extremity coated by the p24. To this end, the BYV particles were broken into small pieces which were segregated with p22-and p24-specific antibodies. RNA fragments obtained from these antibody-selected virion sections were used as probes for Southern hybridization with the cDNA inserts representing the 5h-and 3h-terminal sequences in the BYV genome.
To obtain the antibody-selected probes, purified BYV particles (strains BYV-U or BYV-G ; Agranovsky et al., 1994) , at a concentration of 2 mg\ml in 0n01 M sodium borate buffer pH 7n4, were sonicated at 15 W on ice. The resulting particle fragments of BYV-U (sonicated for 15 s) and BYV-G (sonicated for 30-45 s) were estimated by electron microscopy to be of 200 nm and 55 nm modal length, respectively. After sonication, 160 µl aliquots were withdrawn and mixed with 20 µl of the antiserum against the N-terminal peptide of BYV p24 or the polyclonal BYV antiserum (As-Np24\p35 or As-BYV, respectively ; Agranovsky et al., 1995) . The mixture was incubated for 1n5 h at room temperature, followed by addition of 120 µl of a 50 % suspension of protein A-Sepharose (Sigma) and further incubation for 2 h. The resin was washed several times with PBS (10 mM sodium phosphate pH 7n4, 0n85 % NaCl) and PBS with 0n05 % Tween 20. The virion-antibody complexes were dissociated by a 5 min incubation at 95 mC in 10 mM Tris-HCl pH 7n8, 1 mM EDTA, 1 % SDS. The RNA was isolated by phenol-chloroform extraction, precipitated with ethanol, and 5h-labelled with polynucleotide kinase and [γ-$#P]ATP using a conventional protocol (Sambrook et al., 1989) . The antibody-selected probes thus obtained and the control probe (5h-labelled RNA from the non-antibody-selected, sonicated particles) were used for Southern hybridization with various cDNA clones of the respective virus strains. The clones D5 and D3 contained the BYV-G-specific cDNAs corresponding to respective positions 1-413 and 15206-15480 in the complete BYV genome sequence (EMBL X73476), inserted in pGEM-3 (Promega). BYV-U clones 1615, 1520, 515, r3, r9 and p36 have been described previously (Agranovsky et al., 1994) . The cDNA inserts were excised with the following restriction enzymes : 1615, EcoRI-HindIII ; 1520, EcoRI-XbaI; 515, EcoRI-XbaI ; r3, SalI-BamHI ; r9, EcoRI-HindIII ; p36, PstI; D5, EcoRI-BamHI ; D3, EcoRI-PstI. The DNA fragments were separated on a 1 % agarose gel and transferred to nylon membrane (Hybond-N, Amersham).
The RNA probe obtained from non-antibody-selected, sonicated BYV particles was expected to be poor in the radioactive label associated with the 5h-proximal genomic sequences, as the 5h-capped RNA fragments would escape the [γ-$#P]ATP labelling. Further, as the p24 tails are prone to degradation during BYV purification (Agranovsky et al., 1995) , the RNA probe might be deficient in sequences coated with the p24. Indeed, the RNA from non-fractionated virion fragments gave appreciable hybridization signals with BYV-U cDNA clones 1520, 515, r3, r9 and p36, but a poor signal, which was at the limit of detection, with the 1615 clone representing the CHA 5h-terminal genomic sequence extending to position 846 (' total RNA probe ' ; Fig. 1 A, B) . A similar result was obtained with the short cDNA clones of another BYV strain : the nonantibody-selected RNA probe gave a much weaker hybridization with the 5h clone D5 than with the 3h clone D3 (Fig.  1 A, C) .
In contrast, the p24 antibody-selected RNA fragments gave a clear hybridization signal with the 5h-terminal clone 1615, which was comparable to that with the 3h clone p36 (Fig.  1 B) . The results obtained for the hybridization of the D5 and D3 clones agree with this, although in this case the signal with the 5h clone was even stronger than with the 3h clone (Fig. 1 C) . It could be noted that the larger 5h-proximal cDNA inserts (1520 and 515) also developed as heavier bands when hybridized with the p24 antibody-selected probe as compared with the non-antibody-selected probe (Fig. 1 B) . These data suggested that the RNA fragments trapped with the p24 antibodies were enriched in the 5h-terminal sequences of the BYV genomic RNA. In a separate experiment, to exclude the possibility that the observed effect was an artifact of the antibody selection method, we compared the hybridization patterns of clones D5 and D3 probed with the As-BYVselected and the p24 antibody-selected RNAs. As-BYV was found to decorate the p22-coated part of the virion in immunoelectron microscopy tests (Agranovsky et al., 1995) . In contrast to the p24 antibody-selected probe, the p22 antibodyselected probe gave a strong hybridization signal with the 3h clone, yet showed a weaker signal with the 5h clone (Fig. 1 D) . This result is easily explained by the potential ability of the p22 antibodies to trap a wide range of particle fragments, including those containing both p24 and p22.
Taken together, these data clearly indicate that it is the 5h-terminal portion of the BYV genome that is encapsidated with the minor CP. With respect to the closterovirus particle assembly mechanism, this implies that the putative signal discriminating between the two CPs resides 800-900 nt from the 5h end of the RNA. Replication of CTV in vivo is accompanied by formation of defective RNAs (D-RNAs), consisting of extended ( 1 kb) sequences derived from the 5h and 3h regions of the genome (Mawassi et al., 1995) . At least some of the D-RNAs are encapsidated with both CPs of the virus (Febres et al., 1996) , which would not contradict a similar location of the discriminating signal in the CTV genome. Some species of the 3h-coterminal subgenomic RNAs of BYV and CTV may also be encapsidated (Hilf et al., 1995 ; He et al., 1997) . Determination of whether the closterovirus subgenomic RNAs are encapsidated with both CPs or just with one, and deletion mutagenesis of a D-RNA with subsequent analysis of its encapsidation in vivo are attractive goals for further studies on the closterovirus assembly.
Association of the minor CP with the 5h terminus of the BYV RNA may have implications for genome expression at the onset of infection. The fact that immunoelectron microscopy of the crude sap and the purified virus preparations revealed only the tailed and tail-less BYV particles (modal lengths 1370 and 1290 nm, respectively) but no free 75 nm fragments (Agranovsky et al., 1995) , suggests that the p24 tails are liable to dissociation rather than to mechanical break-off. This might indicate that, after vector transmission of BYV, exposure of the particle to the environment of a damaged phloem cell triggers dissociation of the p24 tail, thus making the 5h end of the RNA accessible for the ribosomes. Possibly, the main part of the genome would still be coated by the p22 at this stage, and expression of the 5h-terminal gene(s) should proceed along with the stripping of the particle by the translating ribosomes, in accord with the co-translational disassembly model proposed for tobacco mosaic virus (Wilson, 1984 ; Shaw et al., 1986) . Such stepwise ' unwrapping ' of the closterovirus particles might serve to protect their RNA genomes, which otherwise would be easy targets for the cell nucleases.
